Threaded-sleeve connection (TSC) is a new type of semi-rigid connection for spatial grid structures. In this paper, bending behaviour of the TSC was analyzed and a mathematical model for prediction of moment-rotation behaviour was proposed. Firstly, experiments were conducted to investigate the bending performance and damage form of the TSC. The moment-rotation curves of the specimens were obtained as well. Then, solid finite element model was established through ANSYS. Comparing the theoretical analysis and experiments, it was observed that the numerical results agreed well with the experimental data, which indicates the feasibility of the finite element analysis method. Finally, the calculation formul as of the initial moment and the initial rotation of the TSC were obtained through MATLAB curve fitting. The shape parameter n was determined. Based on the Kishi-Chen power model, the moment-rotation model of the TSC was developed. Therefore, it will be possible to take into account semi-rigid analysis for a spatial grid structure with TSC easily and find the more actual behaviour of the structure.
Introduction
The joint of spatial grid structures is regarded to be either pinned or rigid, which simplifies the design procedure normally. However, the disadvantage of such approach is the structures just working at part of their ultimate strength, thus the components of the structure are lightly stressed [1] . And most joints of spatial grid structures actually exhibit semi-rigid deformation behaviour, which contributes substantially to overall force distribution among the members [2] .
Since 1980s, interest in the effect of semi-rigid joint on the behaviour of spatial grid structures has grown significantly. It is concluded from previous publications [3, 4] that the rigidity of the joints makes considerable effects on the load-displacement of spatial grid structures. Meanwhile, it is an important factor on the capacity and failure form of the structures [5] [6] [7] [8] [9] . Fan et al. [10] proposed a new classification system for joints in spatial grid structures. And some general theoretical formulations and computational algorithms have been developed for spatial grid structures. However, these theoretical methods are proposed on some assumptions, in which the bending rigidity of the joint is defined as linear elastic springs [7, [11] [12] [13] , which could not reflect the non-linear rigidity of the joint clearly. Cao et al. [14] and Ma et al. [15, 16] proposed a numerical method to simulate the property of spatial grid structure with semi-rigid joints through defining the non-linear rigidity of the joints as non-linear springs. Based on this method, the first issue of the research on spatial grid structures with semi-rigid joints is seeking for an approach to predict or obtain the non-linear rigidity of the joints.
The semi-rigidity of a joint is usually described by the moment-rotation (M-θ) curve. For spatial grid structures, the semi-rigidity of most commonly used connections has been studied. The experimental study conducted by Ueki et al. [17] illustrated the M-θ relationships for the semi-rigid ball joints of S14, D14 and D06. Elsheikh [18] obtained the bending stiffness of one type of flexible member-end joint system through experiments. Chenaghlou [6] found that the compressive axial force had important effects on the M-θ characteristics of the MERO joints. And he proposed a three parameter exponential model of the M-θ behaviour of the ball joints and MERO joints. López et al. [11] investigated the rigidity of the ORTZ joints by experimental and numerical methods. Ma et al. [15] investigated the M-θ characteristics of bolt-ball joints, which exhibited significant non-linearity of joint response even at an early stage of loading. Fan et al. [19] experimentally studied the semi-rigidity of socket joints and bolt-ball joints subjected to bending with/without axial force. Cao et al. [14] and Ma et al. [15, 16] studied the semi-rigid bolt-ball joint and its application in single-layer shells.
In order to better research the mechanical properties of the spatial grid structures with semi-rigid joints, it's necessary to propose mathematical models for the prediction of the M-θ curves of these joints. Several kinds of mathematical models for M-θ curves have been proposed for steel beam-to-column joints, i.e. linear model, polynomial model, exponential model and power model [20] [21] [22] . With such models, the connections may be simulated as spring elements with M-θ behaviour in the nonlinear analysis of semi-rigid structures [14-15, 21, 23] . However, as for spatial grid structures, only a few prediction methods for the jointing systems have been proposed. Chenaghlou et al. [6, 24] proposed an exponential mathematical model for ball joints utilized in spatial grid structures. However, the parameters of this model (i.e. ultimate moment capacity and initial stiffness) have to be obtained by additional experimental tests or plastic analysis, which is inconvenient for its application.
Kishi and Chen [25] collected available experimental results and set up steel joint data banks, including the test data and some predictive equations for steel beam-to-column joints. Kishi-Chen power model is one of the practical models [20, 26] as illustrated in Fig. 1 and Eq. 1. 
where Mi and Mu are the initial moment capacity (elastic stage) and the ultimate moment capacity respectively. Mu equals to 1.75Mi. Rki is the initial stiffness, Ɵi is the initial rotation (elastic stage), Ɵ0 is the equivalent plastic rotation, Ɵ0 = Mu / Rki, Ɵr is the arbitrary rotation and n is the shape parameter [26] . Kishi-Chen power model is still a three parameter model. In order to propose a model for joint, it's better to propose models for the initial moment, the initial rotation and the shape parameter n. Threaded-sleeve connection for spatial grid structures, named as TSC, consists of welded ball and thread joints, and realizes the space connection of the grid structures through threads, as illustrated in Fig. 2 [27] . In order to better investigate its mechanical property, it is necessary to analyze its rigidity clearly before its application. The objective of this paper is to summarize the semi-rigid behaviour of the TSC and propose its mathematical model based on Kishi-Chen power model for prediction of M-θ curve. Firstly, experiments are conducted to research the bending performance and damage form of the TSC and obtain its M-θ curves of the specimens. Secondly, solid finite element model of the specimen is established through ANSYS and static analysis is performed to simulate the bending performance of TSC and the M-θ curve for comparison. Thirdly, the calculation formulas of the initial moment and the initial rotation of the TSC are derived from MATLAB curve fitting. The shape parameter n is determined. Based on the Kishi-Chen power model, the moment-rotation model of the TSC is developed.
Experimental study
To illustrate the bending performance and failure form of the TSC, pure bending experiments were carried out.
Specimen and instrumentation
Most geometric parameters of the TSC specimens besides the pitch of threads in this study were designed according to literature [27] . To satisfy the processing conditions, the pitch of threads for the specimens was 2 mm, which is different from 3 mm (half of the wall thickness of the joints) in literature [27] . However, it didn't have effect on semi-rigid behaviour of the TSC. Two kinds of steel with yield strength of 235MPa and 345MPa named as Q235 and Q345 were utilized for joints and tube respectively [28] . Therefore, the strength of tubes is much larger than that of the joints, which ensures that the joints yield or break earlier than structural members. The material properties of Q235 were obtained from tensile tests on coupons according to the Chinese mechanical testing standard [29] . The tested yield strength, the ultimate tensile strength and the elastic modulus of Q235 is 245.5 MPa, 383.3 MPa and 181.8 GPa, respectively.
The details of the connection are shown in Fig. 3 , in which the size of the welded ball was Φ200 mm×8 mm, and the wall thickness of Joint-1 and Joint-2 was 4 mm. And the pitch of the threads was 2 mm. The greater wall thickness of the tubes is provided to prevent the instability and local buckling in the tube earlier than the failure of the joints [19] . The small square steels on the specimens were used to fix the dial gauges. The short tube on the bottom of the ball was used to test the horizontal displacement of the specimen, which enables the reduction of the measurement error of vertical displacement. Fig. 4(a) presents the loading frame for the experiments, which shares sufficient stiffness. The forces were loaded through two manual screw lifts and measured by force sensors. The support form was hinged by setting the specimen on the solid round steel bar, shown in Fig. 4(b) . The strain gauges were located at the end of the tube, the end of the joints and middle of the threaded-sleeve, shown in Fig. 5 . The gauge at the end of the tube is to monitor the tube failure in the whole load steps. The displacements were measured by dial gauges. The arrangements of the force sensors and dial gauges are also shown in Fig. 5 . In first stage, the specimens were subjected to a small load and unloaded in order to ensure the loading apparatus and the dial gauges were working properly, which will allow the different parts of the specimen to work as a whole [19] . During the test, load increment of every step was 0.5 kN. Due to the symmetrical load of the two lifts, the whole connection was stayed in pure bending. The bending moment was applied by means of the load (P) and the distance between the load point and the support (L). Each load step kept 15 minutes to ensure the stability of the test results. The rotation could be calculated with the displacements of each part. Fig. 6 depicts the loading and bending moment calculation diagram for specimens subjected to pure bending. 
Loading scheme

Experimental results
The failure of the specimens can be describes as two steps.
Step 1: the extended part of threads yielded and the specimen flexed, as shown in Fig. 7(a) . During this step, the extended parts of the threads yielded, which indicates the connection out of work. Step 2: one thread of Joint-1 engaged with the sleeve (on the tensile area) slid out from the sleeve, as shown in Fig. 7(b) . This failure process could be called thread stripping, which resulted from the deformation un-compatibility and contact status change between the threaded-sleeve, Joint-1 and Joint-2 during loading. However, after the tripping finished, the connection was able to continue bearing the load without occurrence of brittle failure, since the load could continue to redistribute to another thread. This is a positive feature of the TSC. The bending performance of the connections can be represented by M-θ curves that describe the relationship between the applied bending moment M and the corresponding rotation θ of the connection. Fig. 8 shows the M-θ curves of the specimens subjected to pure bending. During the initial stage, with the increasing of the moment, the rotation of the specimens increases linearly (elastic stage). The average initial bending stiffness of specimens is around 492.6 kN· m/rad. When the moment reaches 2.6 kN· m (average value of the specimens), the growth trend slows down. The moment here refers to the moment of the interface of the Joint-2 and the tube. The average post-limit stiffness of specimens is around 126.6 kN· m/rad. 
Numerical simulation
FEA model
Finite element analysis (FEA) for TSC were performed with the program ANSYS. The FEA model of the specimen is established according to literature [27] . The threads were simplified as horizontal zigzags [30, 31] .
The material of the TSC model is Q235, with elastic modulus E of 2.01×10 5 MPa and Poisson's ratio of 0.3. The measured yield strength of the material is 250 MPa. Q235 is anisotropic bilinear hardening material with strain-hardening modulus of 0.02 [32, 33] .
The model is meshed with hexahedral solid elements Solid185 in ANSYS, and contact elements Targe170 and Conta174 are used to simulate the contact pairs between threads and the contact pairs between the end faces of joints, see Fig. 9 (a). All the contact pairs are surface-surface contact and are set as type of Standard. Coulomb friction is used in the tangent direction of the contact surface. For contact between threads, the friction coefficient is 0.12 [34] [35] . And for contact between Joint-1 and Joint-2, the friction coefficient is 0.3 [34] .
All FEA models are performed with the nonlinear geometry. In order to simulate the features of the TSC, the nodes of the left hemisphere of the welded hollow ball joint are fixed, which makes the connection subjected to pure bending, see Fig. 9(b) .
A Mass 21 element with small mass of 0.0001kg is established in the center of the surface 1-2 and coupled with all nodes in this surface to simulate the bending state of the connection. The bending moment is loaded on this element, as shown in Fig. 9(b) . Fig. 10 shows the von-mises stress nephogram of the specimen under moment of 2.0 kN· m. The stress nephogram of the integral model is shown in Fig. 10(a) . Due to the small geometric size, the stress concentration is easy to occur between the threads. This should be ignored in the discussion. Fig. 10(b) presents the stress nephogram of the welded ball. The maximum stress is 233 MPa. As illustrated in Fig. 10(c) , the maximum stress of the joints situates at the extended part of threads. The stress of the compression zone is larger than that of the tension zone. Fig. 10(d) is the stress nephogram of the threaded-sleeve, the maximum stress situates at the middle. Overall, the most weakness area of the TSC locates in the extended part of threads of Joint-1, which agrees with the failure step 1 of the tests. Fig. 11 presents the comparison between the M-θ curves of the FEA model and the specimens. The initial moment of the FEA model is 2.5 kN· m, and it is about 3.85% smaller than that of the average test results. The initial stiffness of the FEA model is 587.3 kN· m/rad, which is about 9% larger than that of the tests. The average post-limit stiffness of the FEA model is 19.1 kN· m/rad, which is about 19.2% larger than that of the tests. The error between the tests data and the simulation results possibly comes from not only the adoption of experience value for the friction coefficient of the specimens used in the simulation, but also the hard determination of the practical machining accuracy of the threads. Fig. 12 illustrates the stress of partial measuring points (i.e. tips of Joint-1 and Joint-2, middle of the threaded sleeve) of the FEA model and Specimen-2. As illustrated in Fig. 12 , it is shown that the FEA method can simulate the stress state of the specimen accurately.
Simulation results
Comparison between the numerical results and experimental data
The comparisons above illustrate that the numerical model provides a reasonable estimation of the practical behaviour of the TSC. 
Parametric analysis
According with literature [27] , the pitch of threads is half of the wall thickness of the joints. Thus, the influence factors on the bending performance of the TSC are the material of the connection, outer-diameter and wall thickness of the joints. On the basis of the FEA method proposed in this section, to discuss the influence of the parametric of the TSC on its bending performance, this study obtained 90 groups of M-θ curves of different connections with material of Q235 and Q345, outer-diameters of joints of 32 mm-160 mm, wall thickness of joints from 3 mm to16 mm. Fig. 13 shows the influence of diameter of joints on initial moment of the connections. It is obviously that the initial moment increases with the increasing of diameters nonlinearly. Fig. 14 presents the influence of wall thickness of joints. Moreover, the initial moment increases with the increasing of wall thickness. 
Mathematical model derivation
The preceding research studied the semi-rigidity of TSC, and proposed its FEA method. However, the simulation method is complex for further research and its application in real project. Thus, a mathematical model for semi-rigid behaviour of the TSC is needed. Hence, the model of TSC is proposed on the basis of Kishi-Chen power model in this paper.
The following basic assumptions are made:
(1) The material is assumed to be linearly elastic perfectly plastic for the connection;
(2) The deformation of the connection assemblage is relatively small;
(3) The failure occurs as the plastic collapse mechanism is formed in the connection.
Eq. 2 is the calculating formula for the initial bending moment of tube with circular cross section. Based on Eq. 2, the calculating formula for the initial bending moment of the TSC is obtained through MATLAB curve fitting, as illustrated in Eq. 3. 
In Eq. 2 and 3, D is the outer-diameter of Joint-1 and Joint-2, t is the wall thickness of the joints and [] is the allowable stress of the material.
The calculation formula for moment can be described as
where E is the elastic modulus, I is the inertia moment and L is the effective calculating length.
On the basis of Eqs. 3-4, the calculation method for the initial rotation of the TSC is obtained through MATLAB curve fitting, as shown in Eq. 5. 
where P is the pitch of threads, P=t/2. Thus, the initial bending stiffness (Rki) of the TSC is equal to Mi / Ɵi. The equivalent plastic rotation (Ɵ0) is equal to Mu / Rki.
Based on the Kishi-Chen power model (Eq. 1), different shape parameters (n) for TSC with different configurations were obtained through curving fitting as well, as shown in Table 1 . 
Mathematical model validation
According to Eq. 3, the initial moment of the specimen is 2.1 kN· m, which is 10.5% larger than the average result of the specimens. As the pitch of the specimens is not strictly machined in accordance with literature [27] , and the ratio of pitch to wall thickness has great influence on the M-θ behaviour of the connection, the M-θ curves of the specimens are not appropriate to validate the fitting effect of the proposed mathematical model here.
Take 4 connections (C1-C4) as numerical examples to validate the proposed mathematical model. The material and geometric parameters are shown in Table 2 . Fig. 15 compares the M-θ curves of C1-C4 obtained through FEA method and the proposed mathematical model. It is observed that the proposed mathematical model agrees well with the FEA method, which indicating that the mathematical model can predict well the semi-rigid behaviour of the TSC. It will be useful for the further research on the mechanical performance of single-layer spatial grid structures with TSC. 
Conclusions
In this paper, the semi-rigid behaviour of the TSC is studied through pure bending experiments and numerical simulation. And its mathematical model based on Kishi-Chen power model for prediction of M-θ curve is proposed. The main conclusions of the investigation are summarized as follows:
(1) Pure bending experiments are conducted to study the bending performance and damage form of the TSC and obtain the M-θ curves of the specimens. The failure process of the TSC is flexure first and then followed by thread stripping. After the stripping, the connection is able to continue bear the bending, and there is no brittle failure or broken in the tests.
(2) The FEA model of the specimen is established through ANSYS. The bending performance of the TSC is analyzed and the M-θ curve is obtained to compare with the test results. It is illustrated that the numerical results fit well with the test data, indicating that the FEA method can provide a reasonable estimation of the practical behavior of TSC.
(3) On the basis of a series of parametric analysis, the calculation formula of the initial moment and the initial rotation of TSC are obtained through MATLAB curve fitting. The shape parameter n of TSCs with different outer-diameters of joints is determined.
(4) Based on Kishi-Chen power model, the M-θ mathematical model of the TSC is obtained. The validity of this model has been verified using four numerical examples. The model has been found to perform well for TSC. Therefore, it will be possible to take into account semi-rigid analysis for a spatial grid structure with TSC easily and find the more actual behaviour of the structure. In spatial grid structures, most joints exhibit semi-rigid behaviour. It will be useful for the design and application of spatial grid structures with semi-rigid joints.
